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I.  INTRODUCTION 


fhe  response  ot'  materials  under  multiaxial  stress  states  beyond  the  elastic 
range  is  an  essential  part  of  the  mechanical  properties  required  by  designers  of 
structures.  This  report  describes  a technique  to  test  material  in  the  form  of  a 
thin-walled  tube  under  axial  and  tangential  (hoop)  stresses.  A brief  description 
of  the  mechanical  testing  machine  and  information  of  an  automated  data  acquisition 
and  control  system  are  presented.  lhe  automated  control  parameter  determination 
and  some  experimental  data  of  aluminum  alloy  JO  I l-(o5!  are  also  discussed. 


II.  TESTING  TECHNIQUES 


l I required  to  perform  the  biaxial  testing  of  tubular 
in  three  major  components:  namely,  the  medium  strain 
i stem,  and  data  acquisition  and  control  system. 


lhe  medium  strain  rate  machine  (MSRM)  i used  to  generate  the  axial  tensile 
or  compression  stress,  while  the  intensi f icr  system  provides  the  tangential  (or 
hoop)  tensile  or  compression  stress  in  a tubular  specimen.  lhe  data  acquisition 
and  control  system  record1,  and  stores  all  data  and  generates  command  signals  tor 
both  machines. 


A.  Medium  Strain  Rate  Machine 


lhe  MSRM  is  a dual -mode  test  machine  capable  of  generating  1-10,000  pounds 
axial  tension  or  compression.  lhe  two  modes  of  operation  are  an  open  loop  system 
and  a closed  loop  servohy xlrau 1 i c system.  The  open  loop  system  has  the  capability 
of  strain  rates  from  1 to  50  sec-1,  but  it  is  not  normally  used  in  biaxial  test- 
ing. The  closed  loop  system  will  produce  strain  rates  from  10-1’  to  10"*  sec'*. 
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The  MSRM  control  panel  gives  the  operator  a selection  of  four  different  feed- 
back control  modes:  load,  displacement,  strain,  and  optional.  Therefore,  with 
proper  command  inputs,  tests  at  constant  rates  of  load,  displacement,  and  strain 
are  performed.  The  operator  may  select  one  of  many  different  load  cells  to 
achieve  the  best  control  over  the  desired  testing  range.  The  machine  is  equipped 
with  a 15-gpm  hydraulic  power  supply  and  a 15-gpm  servovalve.  Various  fail-safe 
and  limiting  devices  which  either  display  a warning  light  or  cause  a machine  shut- 
down are  incorporated  into  the  control  system. 

The  MSRM  load  frame  is  designed  for  a stiffness  greater  than  15  * 10®  lb/in. 
and  has  a total  machine  stretch  of  0.005  inch  at  1-10,000  lb  load. 

B.  Intensifier  System 


The  closed  loop  servohydraul ic  intensifier  system  used  for  the  biaxial  inter- 
nal and  external  pressure  testing  is  capable  of  generating  a pressure  of  100,000 
psi.  The  intensifier  vessel  has  a 1-inch  inside  diameter  with  an  8-inch  length 
giving  a volume  of  about  o cubic  inches.  A Haskell  air-driven  pump  is  used  to 
fill  the  intensifier  system  with  Stoddard  solvent  as  the  pressurizing  fluid.  This 
fluid  has  a freezing  point  well  in  excess  of  seven  kilobars. 

The  intensifier  control  panel  gives  the  operator  a selection  of  four  differ- 
ent feedback  loops:  load,  strain,  displacement,  and  optional.  With  the  proper 
command  input,  constant  rates  are  possible  under  closed  loop  control.  In  essence, 
the  intensifier  system  is  a testing  machine  by  itself.  Different  pressure  trans- 
ducers can  be  used  so  that  the  best  control  is  available  over  the  pressure  range 
of  interest.  Pressure  control  is  used  in  the  optional  mode.  System  pressure  is 
also  monitored  using  a precision  lleise  gage  with  a capacity  of  100,000  psi.  The 
intensifier  uses  the  same  hydraulic  power  supply  as  the  medium  strain  rate  machine. 

C.  Data  Acquisition  and  Control  System 

The  computer  configuration  consists  of  a central  processor,  -Ik  words  of  basic 
memory  plus  ldk  words  extended  memory,  real-time  clock,  relay  register,  l.o  million 
word  disk,  two  magnetic  tape  drives,  teletype  and  line  printer,  display  screen, 
multiplexed  analog-to-digi tal  converter  (lo  channels),  and  three  dig i tal-to-ana log 
converters.  The  system  interface  includes  eight  active  filters  and  scaling 
.imp  1 i tiers. 

The  digital  computer  has  a central  processor  which  us^-s  its  memory  to  hold 
the  operating  system,  to  store  programs  during  execution,  and  for  temporary  stor- 
age of  data. 

Command  signals  are  generated  by  the  central  processor  and  sent  to  the  digital* 
to-analog  converters  at  a predetermined  interval  by  the  real-time  clock.  The  con- 
verter changes  binary  numbers  ilJBITS),  which  are  the  internal  information  base  of 
the  computer,  to  an  analog  voltage  l*  10Y)  that  is  acceptable  to  the  servocont rol- 
ler of  the  test  machines.  The  controllers  operate  in  a closed-loop  mode  generating 
a signal  which  drives  the  elect rohydraul ic  servovalves.  The  servovalves  regulate 
the  flow  of  oil  from  the  hydraulic  power  supply,  to  the  test  machine  actuators, 
which  deform  the  specimen.  The  specimen  load,  pressure,  strains,  and  displacements 


are  continuously  monitored  and  input  into  the  computer.  These  analog  signals  are 
filtered  to  remove  noise  and  scaled  to  match  the  input  range  of  the  analog-to- 
digital  converter.  The  multiplexer  selects  one  of  t he  lo  channels  for  input  to 
t ho  analog-to-digital  converter  according  to  the  program.  A samplc-and-hold  cir- 
cuit holds  the  value  while  it  is  converted  to  a binary  number  for  input  into  the 
central  processor.  The  data  are  stored  in  memory,  then  either  displayed  on  the 
screen,  printed,  or  stored  on  magnetic  tape  or  disk,.  A second  command  signal  may 
now  bo  sent  to  other  machines  through  a different  digita 1-to-analog  converter  chan- 
nel, based  on  the  data  received  from  the  first  signal.  The  real-time  clock  is 
used  to  determine  sampling  intervals,  command  intervals,  and  signal  events.  The 
teletype  or  console  is  used  to  input  programs  and  parameters  to  the  central  pro- 
cessor. The  magnetic  tape  units  and  disk  provide  fast  access  mass  storage  for 
programs  and  data.  The  relay  register  is  used  for  additional  control  of  the  test 
machines  and  external  equipment. 

D.  Specimen  Configuration  and  Grip  Fixtures 

The  thin-walled  biaxial  tubular  specimen  configuration  shown  in  Figure  2 is 
designed  for  both  internal  and  external  pressure  testing.  The  specimen  designated 
as  601000-02  has  a shorter  gage  length  and  overall  length  in  comparison  with  the 
t>01Q6t>-01  specimen.  The  shorter  specimen  is  used  to  prevent  premature  buckling 
failure  before  the  material  reaches  its  yield  stress  when  the  specimen  is  sub- 
jected to  compression  in  both  axial  and  tangential  directions. 
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Figure  2.  Specimen  configuration  for  internal  and  external  pressure  tests. 


In  order  to  maintain  tin  stres  stati  in  tin  specimen  as  close  to  a state  of 
piano  stress  as  possible,  the  wall  thick  i s .it  the  pipe  length  is  0.025  inch, 
which  results  in  an  S difference  in  tin-  tangent  :al  stress  at  the  inner  ami  outer 
rad i i . 

1'he  tensile  tangential  s t re  s is  create.:  through  the  use  of  an  internal  plug 
assembly  as  shown  in  1 igure  d,  while  the  e r ion  tangential  stress  is  generated 

with  a sleeve  arrange  lent  as  shown  in  figure  l.  1‘he  external  pressure  assembly  is 
shown  in  I igure  5.  Die  pressur  i red  fluid  m the  pin:  or  sleeve  is  controlled  In 
the  intensifier  system,  and  the  pressur.  inside  the  plug  or  sleeve  is  contained 
I"  the  use  of  "0"  rings  at  both  ends  of  the  issemhly. 

1 he  other  precaut  ion  one  must  take  in  test m/  tubular  specimens  is  that  it  is 
essential  to  maintain  a homogeneous  strain  field  in  the  gage  section.  I'll  i s c an  be 
accomplished  h>  a precise  alignment  procedure.  \ threaded  collar  containing  eight 
bo  1 1 holes  is  threaded  on  each  :e.  i men  end,  havin',  approx  imately  0.25  inch  of  the 
specimen  exposed.  Hie  taper  on  the  exposed  ends  of  the  specimen  allows  an  initial 
alignment  of  the  specimen  u t t h respect  to  the  loading  frame  (see  figure  o),  hells 
are  then  inserted  through  the  , liar  and  threaded  to  the  load  frame.  While  tighten 
ing  holts  to  the  l mid  frame,  the  two  axial  strain  gages  on  the  specimen  are  moni- 
tored to  assure  that,  first,  no  bend  in  : moment  is  induced  through  uneven  tightening 
of  the  bolts;  and  second  1 v , ere  axial  load  is  maintained.  fhis  procedure  works 
very  well  as  test  results  show  that  both  axial  strain  gages  record  nearly  identical 
strains  until  the  specimen  approaches  failure. 
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\11  !' « ..  \ i .1 1 spec  (mens  .in'  i im  t . a ten  t ed  witi  I i'i'S  Po I'i  - l J 0 , '*1''  "uv"  rosette 
strain  i to  measure  t he  axial  ami  tangential  trams  si  .11 1 1 aneous  1 v . I he 
iiij;  area  1 ■■  prepared  in  accordance  i.itli  the  manufuc  t urer*  s 1 ns  t rue  t 1 ons  ter  t lie 
particular  adhesive  heme.  used.  ilar.es  are  bonded  to  the  sper;  ion  v>  1 1 h ITi-ead 
adhesive  usnii;  a elampiiii;  pressure  ot’  Id  to  1 ■ ps  1 . and  eured  tor  two  hours  at 
sed  I . \ protective  roat  nij;  ot  t low. idle,  roo  . temperature  eurinr.  silicone  ruhher 

is  used  to  protect  the  strain  c.  ar.es  iron  emirotrient.il  and  handling  damage.  the 
detailed  procedure  for  .uciin;  spec  mens  can  he  found  in  Micro  'Measure sent  Instruc- 
tini  Bulletin  No.  B - 1 S,  B-l.xO-N,  and  B-lS'-J. 

it  the  heginuiitr.  of  tins  stu.lv,  four  sets  ot  "tee"  rosette  strain  jjar.es  were 
used.  rhex  were  located  at  the  center  of  the  r.uco  section  and  placed  dd°  from 
each  other  alone  the  c 1 rcumference  of  the  tubular  specimen.  However,  since  the 
alignment  prv'cedure  descrihe.l  111  the  last  paras rapli  creates  a v erv  seed  homer,  e- 
neous  strain  field,  it  was  decided  that  two  sets  of  "tee"  rosette  strain  eur.es 
are  sufficient  to  measure  the  strain  field  in  the  tubular  specimen.  lest  results 
rei'orted  are  arera.ee  1 a lues  of  the  two  sets  ot"  rosette  strain  eur.es  located  diu- 
et rival  lv  i ron  each  other. 

f.  Testimi  Control  Parameters 

Sin.-e  the  modium  strain  rate  machine  and  iittensi  f ter  system  have  separate 
servohvdr.ini  1 c mechanisms,  the  axial  ami  t uneent  t a l stresses  (or  strains)  can. 
in  principle,  he  controlled  at  different  rates.  Ibis  oper.it  ion  requires  the  use 
of  a more  sophisticated  control  theorv  because  the  material  defor-a t 10ns  are  in- 
terrelated throur.h  the  Poisson's  effect  In  this  stud',  each  test  was  carried 
out  alone,  a proportional  loud  path  which  provides  a constant  effective  strain 
rate  m terms  of  either  axial  or  tangential  strain  rate  tsrr  the  mat hemat icu  1 
form  1 lat  ion  111  the  next  section"),  that  is.  the  ratio  of  the  axial  ami  tangential 
stresses  is  a constant  t hrour.hout  a test.  \s  described  in  the  sect  ion  on  "data 
Vquisition  and  Control  Svstoiu,"  the  sir.nals  from  loud  cell  and  strain  »:uc.e-  were 
mac.it  1 f t cd  !"  the  case  eond  i t i 011  inr.  units;  therefv're,  it  would  be  hy.ic.il  to  use 
tin'  dominant  strain  as  the  control  parameter.  It'  the  dominant  strum  is  no:  con- 
trolled. it  1 ••  possible  that  Machine  "ninuwav"  uiir.ht  occur  and  the  specimen  would 
tail  premat  lire l \ . for  the  case  when  the  ratio  of  axial  stress  to  tangential 
stre-.s  ^ '01  is  greater  than  v't-  equal  to  unit',  the  axial  strain  i--  the  con- 

trv'l  parameter  ami  the  computer  program  sv-Uvls  the  command  signal  t v<  the  intensi- 
fter  svstetn  to  either  increase  or  decrease  the  internal  ior  external)  pre-sure  sc 
that  .1  constant  stress  ratio  will  be  maintained,  On  the  other  hand,  when  to  1 the 
t aiiv'.ent  1.1 1 strain  will  he  the  control  parameter  and  the  axial  loud  is  determined 
throtii;h  t he  computer  pnyrum.  This  pivceilure  prv'vides  the  stress  rat  within.  1 
ot  a des \ red  value. 


III.  DATA  ANALYSIS 

The*  biaxial  test  data  presented  here  are  111  the  form  of  effect  ivv  stress- 
strain  curves  t.'  1 1 lust  rat  e strain  harden  inr.  beli.n  tor  ami  vield  ami  failure 
stresses  in  the  two-dimensional  stress  space.  The  data  ire  presented  111  terms 
.’I"  the  axial  and  t .iiyeilt  1 a 1 stresses  \ md  the  correspondin'',  strains  are 

1 \ and  t [•. 


Before  discussing  experimental  -tilts  a definition  of  yield  must  be  made. 
The  definition  used  here  is  based  on  the  square  root  of  the  second  invariant  of 
the  stress  deviator  VJ2  plotted  against  the  square  root  of  the  second  invariant 
of  the  strain  deviator  *1 2,  where  in  this  study, 

= ^ [(vt^  + (a-rV  + (°r'°a^2 

' ‘2  = 7=  ^A^T1  + CeT”cR)  + (CR’CA)  1 J 


and  jg  is  the  radial  stress  and  e g the  radial  strain. 

The  axial  and  tangential  strains  r\  and  ej  are  measured  strain  gage  values 
on  the  outside  surface  of  the  tubular  specimen.  The  radial  strain  eg  through  the 
wall  of  the  tube  is  calculated  using  elasticity  equations  during  elastic  loading 
and  the  assumption  of  incompressible  flow  for  the  plastic  components  of  strain 
after  "yield." 


The  stresses  are  calculated  from  the  axial  load  and  the  pressure.  In  the 
case  of  a tubular  specimen  subjected  to  axial  load  and  internal  pressure,  the 
axial  stress  is 

!•' 


where  F is  the  axial  load  and  r0,  r j are  the  outer  and  inner  radii  and  r0>r>rj 
and  the  tangential  stress  o-p  is 


P.  r . 2 

1 1 

j r ^-r. 
o 1 

where  Pj  is  the  internal  pressure. 

In  the  case  of  a specimen  subjected  to  axial  load  and  external  pressure,  the 
vertical  component  of  the  hydraulic  pressure  acting  on  the  surface  of  the  fillet 
at  both  ends  must  be  taken  into  consideration  when  the  axial  stress  is  calculated 


o . = 


P (r  2-r  2) 
o s o 


A 71  (r  2-r.2)  (r  2-r.2) 
o 1 o 1 


where  rs  = shoulder  radius  of  the  specimen  (Figure  dl  and  P0  = external  pressure. 
For  specimen  used  in  this  study  rs  = 0.bd4  inch. 


The  tangential  stress 


t- 


Once  the  deviatoric  stress-strain  curves  are  obtained,  yielding  is  defined  as  the 
intercept  of  a line  drawn  parallel  to  the  initial  linear  portion  of  the  curve  at 
0.2%  strain  offset. 


As  it  was  discussed  in  the  last  section,  all  tests  presented  here  are  per- 
formed under  proportional  load  conditions.  In  these  tests,  one  strain  rate  was 
controlled  to  be  constant  while  the  second  servo  was  used  to  maintain  a constant 
stress  ratio.  Selection  as  to  which  direction  would  be  maintained  at  constant 
strain  rate  was  usually  determined  by  the  dominating  stress.  It  will  be  shown 
below  that  tests  performed  under  these  control  conditions  also  have  a constant 
effective  (or  deviatoric)  strain  rate.  The  effective  strain  rate  is  defined  as 


•P  1 |7  *P 

Eeff  = 76  IrA 


1 

1 


where  the  superscript  P denotes  plastic  strain,  and  the  dot  indicates  rate  of 
change. 


We  further  assume  the  Prandtl-Reuss  flow  rule 


dclK = d4/sT = K/sr 

or 

Zlh  ■ ‘t/st  - 

where  S's  are  deviatoric  stress  components,  and  given  as  follows: 

SA  = °A  - 1/3  fVV°R)  = 1/3  (2°A“aT) 


ST  = oT  - 1/3  (aA+aT+oR)  = 1/3  0°A+2aT) 

SR  = - 1/3  (aA+°T) 
with  cjr  = 0. 

The  flow  rule  then  becomes 


1/3(2oa-ot)  1/3(-oa+2ot)  -1/3(0^) 
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Figure  7 Yield  suiloce  for  2014  T651  .ilurumurn  olloy 


where  k is  the  yield  stress,  t>7  ksi,  in  simple  tension.  The  coefficients  are 
given  as  follows: 

A = 0.925 
B = -0.990 
c = i.U8 
1)  = 0.060 
\.  = 0. 107 

which  indicates  that  the  behavior  of  the  material  agrees  reasonably  well  with  the 
von  Misos  yield  criteria.  Furthermore,  the  experimental  results  presented  in  this 
report  were  compared  with  results  obtained  by  other  investigators,  e.g.,  Refer- 
ence 1,  and  they  agree  very  well.  This  comparison  serves  as  a oritieution  of 
the  testing  techniques  and  data  analysis  procedure  presented  here. 

f Kf  If.  K . I.  MINIS.  A II  . .iiiiH.KII  N.  S i r'hu'inlin:un<m  >>l  .V/4  lt>M  II  'uminum  ll/e  i Iriu  Irk.  S.1I1  1 .ikr  Cm . t’l.iti . 
I'lintr.ut  H\U.4(.  74  I'dltl'l.  |jn.rt  Ktpoii.  AMMRt  l'l  R 74  <*8.  Now-ntltet  is '4 
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